ABSTRACT The current study was undertaken to evaluate the direct response to 3 generations of divergent selection for phytate P bioavailability (PBA) in the Athens-Canadian randombred chicken population. Cumulated divergent response (R C ) was measured as the line difference in PBA at a given generation after adjusting for hatch and sex effects. Results showed a significant response at generation (G) 1 . The R C was unchanged from G 1 to G 2 and increased (1.62%) from G 2 to G 3 (P < 0.01) due to the application of best linear unbiased prediction (BLUP) selection in the line selected for high PBA at G 2 .
INTRODUCTION
The traditional genetic model for quantitative traits is the infinitesimal model in which a trait is assumed to be influenced by many unlinked additive genes of small effect, and allele frequencies and Mendelian sampling variance are not subject to selection (Fisher, 1918; Bulmer, 1985) . However, the model is not always valid. Several studies have demonstrated that selection can cause changes in the frequencies of the associated genes and the genetic variance (Bulmer, 1985; Beniwal et al., 1992; Heath et al., 1994) , which makes prediction of the selection responses based on genetic parameters invalid in some practical applications. Furthermore, there are many consequences of selection that can only be discovered through experiments (Falconer and Mackay, 1996) .
The use of phytate P is of economic importance in poultry because of the obvious nutritional cost and environmental implications (Ravindran et al., 1995) . Poultry To whom correspondence should be addressed: saggrey@uga.edu.
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G 3 . The application of mixed model methodology was effective in separating the environmental component from phenotypic change. When the data of the high (H) line or the low (L) line in the selected generations (G 1 to G 3 ) were combined with the data from the base population (G 0 ), the heritability estimates for PBA were 0.07 ± 0.02 and 0.09 ± 0.02, respectively. The line selected for high PBA showed gain, and the line selected for low PBA showed a decrease in estimated breeding values across the generations. The results demonstrated that modest progress could be obtained by incorporating PBA into selection programs. However, other correlated traits of economic importance need to be evaluated before any decision to incorporate selection of PBA into breeding schemes be initiated. diets are made primarily of ingredients of plant origin, including cereal grains, cereal by-products, and oil seed meals. About 70% of all P in these plant products is present as phytates (phytic acid and its salts; Ravindran et al., 1995) . Poultry have very limited ability to use phytate P because they lack adequate levels of endogenous phytase (Heuser et al., 1943) . Inadequate levels of endogenous phytase result in a substantial loss of P through the excreta, which creates a significant pollution threat to the environment when manure containing residual P is applied to land (Ravindran et al., 1995) .
Genetic selection is a potential approach for improvement of phytate P use in poultry (Aggrey et al., 2002; Zhang et al., 2003) . The genetic basis for the trait has been established (Zhang et al., 2003) . To ascertain the feasibility for genetic improvement in phytate P bioavailability (PBA), divergent selection for PBA was initiated in a random mating unselected population for 3 generations.
The determination of PBA includes weighing of feed and excreta and the laboratory determination of phytic acid in the feed and excreta. Each stage could introduce a source of variation that becomes confounded in the estimation of PBA. As a result of the experimental errors in measuring PBA, least square analysis based on the comparisons between the divergent lines may not be effective in detecting the genetic changes in each line.
Mixed model (MM) methodology with an animal model has proven to be an optimal approach for analyzing selection experiments (Kennedy, 1990) . With an animal model, the gene flow is traced over generations, environmental trends are removed, and the best linear unbiased prediction (BLUP) estimated breeding values (EBV) are obtained. In poultry some BLUP applications have been reported (Schulman et al., 1994; Sewalem et al., 1998; Bovenhuis et al., 2002) .
The objective of the experiment reported here was to evaluate the direct response to selecting for low or high PBA. The cumulated divergent response (R C ) was first investigated with a fixed effect model. The MM methodology with an animal model was used to infer the genetic trends of the selected trait (PBA). The variance components and heritability of PBA were estimated with pooled data sets from the base and the selected populations.
MATERIALS AND METHODS

Birds and Selection
Thirty-five sires and 105 dams randomly selected from the Athens-Canadian randombred population were used to generate the base population [generation (G) 0], and each sire was randomly mated to 3 females by artificial insemination (AI). The PBA distribution of the population has been described by Zhang et al. (2003) . Birds were ranked according to their hatch-corrected PBA values to establish the divergent subpopulations.
Divergent Selection. In the high (H line) and low (L line) PBA lines, 18 to 22 males and 40 to 46 females with the highest and lowest hatch-corrected PBA values were selected as breeder candidates. However, at G 2 , the breeder candidates for the H line were selected for their EBV values rather than their phenotypic values. From the breeder candidates, 12 males and 36 females that had normal performance in meeting AI and egg collection requirements were randomly selected as the actual breeders for each line. One sire was mated to 3 dams by AI, and sibling mating was avoided whenever possible. The direct selection for PBA was performed for 3 generations.
About 900 individuals in the base generation and 343 individuals per line in G 1 to G 3 were used in the analysis.
Experimental Methods
In each generation, the experimental birds were reproduced in 6 hatches at 1-wk intervals. Chicks were placed in pens with litter and were fed corn and soybean meal diets until 4 wk of age. From hatch until 2 wk of age, the birds were fed a diet containing 3,200 cal/kg ME, 23% CP, 1.0% Ca, 0.74% total P, and 0.24% inorganic P. From 3 to 4 wk the birds were fed a diet that contained 3,200 cal/kg ME, 20% CP, 0.90% Ca, 0.68% total P, and 0.32% inorganic P. At 4 wk of age, the birds were transferred to individual metabolism cages, and the mineral source P in the ration was largely removed such that Ca and total P were adjusted to 1.06 and 0.35%, respectively, and other nutrients were maintained at the same levels as in the diet for the birds at 3 to 4 wk. After an acclimatization period of 3 d, excreta produced on 3 consecutive days were collected, and the amount of feed consumed was measured. Excreta collected were oven dried at 80°C and ground. Phytate in the feed and dried excreta was measured by the method described by Latta and Eskim (1980) . The disappearance of phytate during the passage of feed through the total tract was considered the indicator of phytate P use (Ravindran et al., 1995) . The PBA was estimated as follows:
where A = phytate P content in feed (%) × feed consumption(g), B = phytate P content in dried excreta (%) × dried excrete weight (g).
Statistics Analysis
The PROC GLM (SAS Institute, 1998) was used to analyze the effects of sex, hatch group, and line (for G 1 to G 3 ). Cumulated divergent response was evaluated with the following model:
where Y ijkl = individual PBA values, L i = line effect (i = 1, 2), S j = sex effect (j = 1, 2), H k = hatch group effect (k = 1,2.....6), LS ij = the interaction of line and sex, and e ijkl = residual. For G 0 , terms L i and LS ij were not included. Records with student residual greater than 3 SD for PBA were considered as outliers and were removed. After data editing, 894 records in G 0 , 715 records in G 1 , 658 records in G 2 , and 690 records in G 3 were used for obtaining descriptive statistics (SAS Institute, 1998) . The pooled data were used to obtain BLUP EBV using MM techniques. In addition, 97 parents and 105 grandparents of G 0 were included in the analysis.
Cumulated divergent responses were calculated as the differences of the least square means of the phenotypic values of PBA between the H line and L line after adjustment for sex and hatch effects. Genetic trends were calculated by regressing average EBV on generations for each line (Schulman et al., 1994; Bovenhuis et al., 2002; Garcia and Baselga, 2002) .
A univariate mixed linear model (Henderson, 1973 (Henderson, , 1984 was fitted to obtain the BLUP of additive genetic effects of individuals across generations for PBA and to estimate the heritability for the base population. Three pooled data sets were used in the estimation of heritability and they included 1) entire data across generations and lines (E1), 2) data from G 0 and G 1 to G 3 in the H line (E2), and 3) data from G 0 and G 1 to G 3 in the L line (E3). Heritability was calculated according to Falconer and Mackay (1996) . The standard errors were based on asymptotic variances of the estimate of response to selection (Stuard and Ord, 1994; Dodenhoff et al., 1998) .
The general expression of a univariate MM is
where y = the vector of observations; X = matrix that relates fixed effects to records; Z = matrix that relates animals to the records; β = the vector of fixed effects; u = vector of random animal effects (or additive genetic effects); and e = the vector of residual effects. The variances of random effects were var(u) =Aσ Generations and hatch groups within generations were combined into 24 generation-hatch groups. Sex and generation hatch were included in the model as fixed effects. The formation of A −1 was based on the methods of Henderson (1975) and Quaas (1976) . Calculations of BLUP and variance components were accomplished using the average information algorithm for restricted maximum likelihood (REML) procedure (Johnson and Thompson, 1995) with AI-REML program (Misztal et al., 2002) . Convergence was considered to have been reached when
where θ t = the vector of estimated parameters in iteration t, and the delta convergence was lower than 5 × 10
. This correlation (r aâ ) between BLUP EBV and the true BV is called empirical accuracy (Meyer, 1989) and can be calculated according to the following equations (Henderson, 1973 (Henderson, , 1984 Mrode, 1996) :
where var(â) = var(â − a).
RESULTS AND DISCUSSION
The descriptive statistics of PBA in G 1 to G 3 are presented in Table 1 . The R C in PBA is shown in Figure 1 . The PBA means fluctuated over generations. There was no sexual dimorphism (P > 0.05). The comparisons (Table  2) between lines demonstrated a small divergent response (R C = 0.94 ± 0.50, P < 0.05) after one generation of selection. The R C remained unchanged from G 1 to G 2 . There was an increase by 1.62% from G 2 to G 3 (P < 0.01). H line = high PBA line; L line = low PBA line. *P < 0.05. **P < 0.01.
The descriptive statistics of BLUP EBV of PBA at G 0 to G 3 are summarized in Table 3 . Differences of EBV between the H and L lines were similar to the phenotypic responses (R C , Table 2 ). Genetic trends were symmetric at G 1 and G 2 ; however, the profile was apparently asymmetric at G 3 (Figure 2 ). From G 2 to G 3 , the average EBV in the L line decreased only 0.35%, and the corresponding increase in the H line was 0.82%. This asymmetry was due to the different criteria in the selection of breeders at G 2 , in which the criterion was the hatch-corrected phenotypic value in the L line and the BLUP of individual breeding values in the H line. The rationale for this argument can be found in a simulation study by Belonsky and Kennedy (1988) that showed that BLUP selection led to 55 to 80% greater response than individual phenotypic selection for a trait of low heritability. Even though an assumption of divergent selection was violated by changing the method of selection, using BLUP with an animal model to analyze the data ameliorated bias introduced by such changes.
Regression coefficients of the average EBV on the generations were 0.50 and −0.29 in the H line and L line, respectively, and they were both significant (P < 0.05). Estimates of heritability and genetic variance of PBA using different pooled data sets are listed in Table 4 . When only the data from G 0 and G 1 to G 3 in the H line were used, the estimated additive genetic variance and heritability were 3.47 ± 0.96 and 0.07 ± 0.02 (E2), respectively. However, when only the data from G 0 and G 1 to G 3 in the L line (E3) were used, the corresponding estimates were 3.92 ± 1.08 and 0.09 ± 0.02. The 2 sets of estimates were close to each other and were consistent with the estimates obtained using the data from the base population exclusively (Zhang et al., 2003) . This finding sug- gested that the estimation of heritability of the trait was not subject to the selection, and an additive model of many loci would be appropriate for the genetic analysis (Sorensen and Kennedy, 1984; Bulmer, 1985; Kennedy, 1990) . The combination of the data of the divergent lines led to a lower estimate of additive genetic variance (Table 4) . This result may be attributed to the experimental errors and assortative mating in establishing the divergent lines from the base population. Compared with the residual variance component, the additive genetic variance of PBA was small, and consequently 2 individuals with the same genotype may have different phenotypic values. In the establishment of the divergent lines based on phenotypic values, it is possible that members of a full-sib family may end up in different lines. When that occurs, some individuals of the family would be engaged in positiveassortative mating and the others engaged in negative assortative mating with high probability, and consequently resemblance among relatives would be reduced. Genetic variance is determined by resemblance among relatives. Therefore, loss of resemblance among relatives in the combined data set would result in a decrease of the estimated genetic variance.
The MM approach with an animal model has been highly advocated for the analysis of selection experiments (Kennedy, 1990; Walsh, 2004 ). In the current study, the application proved to be effective in the separation of observed change into its environmental and genetic components. However, the prediction of genetic trends from BLUP EBV was still limited in accuracy as suggested by the low correlation (r aâ ) between BLUP EBV and true breeding values. In the current study, the estimated additive genetic variance [var(a)] for the base population with the whole pooled data was 2.36, and the corresponding standard deviation of BLUP EBV [ √ var(â)] was 0.75, and consequently r aâ was 0.49. The low accuracy was due to the low heritability of the trait. The empirical accuracy was similar to published results (Meyer, 1989) . According to Meyer (1989) , for a trait with heritability of 0.25, r aâ values generally were below 0.8 except for the sires with a large number of progeny.
The efficacy of divergent selection for PBA was evaluated for 3 generations. The results indicated that the phe- Estimates using the pooled data from generations (G) 0 and G 1 to G 3 in both high and low PBA lines.
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Estimates using the data from G 0 and G 1 to G 3 in high PBA line.
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Estimates using the data from G 0 and G 1 to G 3 in low PBA line.
notypic values of PBA were influenced by environmental factors, and as a result, the response to selection was erratic across generations. When environmental factors were separated from phenotypic values, the H and L lines showed significant increases or decreases, respectively, in PBA EBV across the generations. This result demonstrates that modest progress could be obtained by incorporating PBA into selection programs. However, other correlated traits of economic importance need to be evaluated before any such decision to incorporate selection of PBA into breeding schemes be initiated.
